EP 3913 076 A1

Patent Office

s et (11) EP 3913 076 A1

(12) EUROPEAN PATENT APPLICATION
published in accordance with Art. 153(4) EPC

(1 9) ’ e Hllmlmll‘m||m||‘||HHl‘l‘l”‘lll“mllm‘ll‘l |H|‘H||H‘|H||‘
Patentamt
0 European

(43) Date of publication: (51) IntCl.:
24.11.2021 Bulletin 2021/47 C21D 8/12 (2006.01 C21D 9/46 (2006.01
C22C 38/002006:0") C22C 38/60 (2006.01)
(21) Application number: 20740895.6 C23C 22/00 (2006.01) HO1F 1/147 (2006.01)
(22) Date of filing: 16.01.2020 (86) International application number:
PCT/JP2020/001138

(87) International publication number:
WO 2020/149319 (23.07.2020 Gazette 2020/30)

(84) Designated Contracting States: * YAMAMOTO Shinji
AL ATBE BG CH CY CZDE DK EE ES FIFR GB Tokyo 100-8071 (JP)
GRHRHUIEISITLILTLULVMC MK MT NL NO ¢ TAKAHASHI Fumiaki
PL PT RO RS SE SI SK SM TR Tokyo 100-8071 (JP)

Designated Extension States: * HAMAMURA Hideyuki
BA ME Tokyo 100-8071 (JP)
Designated Validation States: * TAKATANI Shinsuke
KH MA MD TN Tokyo 100-8071 (JP)

* TAKAHASHI Masaru

(30) Priority: 16.01.2019 JP 2019005058 Tokyo 100-8071 (JP)

(71) Applicant: NIPPON STEEL CORPORATION (74) Representative: Vossius & Partner
Chiyoda-ku Patentanwailte Rechtsanwilte mbB
Tokyo 100-8071 (JP) SiebertstraBBe 3

81675 Miinchen (DE)

(72) Inventors:

¢ USHIGAMI Yoshiyuki
Tokyo 100-8071 (JP)

(54) GRAIN-ORIENTED ELECTRICAL STEEL SHEET AND METHOD FOR MANUFACTURING SAME
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contact with the intermediate layer (4), and the grain-ori- ‘—}—‘\S L/LZ—
ented electrical steel sheet includes a surface of the base : I
steel sheet (1) having a groove (G) which extends in a

direction intersecting a rolling direction of the base steel G—
sheet (1), in which in a cross-sectional view of a plane
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Description
[Technical Field]

[0001] The presentinvention relates to a grain-oriented electrical steel sheet having excellent coating adhesion. Par-
ticularly, the present invention relates to a grain-oriented electrical steel sheet having excellent coating adhesion of an
insulation coating even without having a forsterite film.

[0002] Priority is claimed on Japanese Patent Application No. 2019-005058, filed January 16, 2019, the content of
which is incorporated herein by reference.

[Background Art]

[0003] Grain-oriented electrical steel sheets are soft magnetic materials and are mainly used as iron core materials
for transformers. Therefore, magnetic properties such as high magnetization properties and low iron loss are required.
The magnetization properties are magnetic flux densities induced when the iron core is excited. When magnetic flux
densities increase, sizes of iron cores can be reduced, which is advantageous in terms of device constitutions of trans-
formers and also in terms of the manufacturing costs of transformers.

[0004] In order to improve the magnetic properties, it is necessary to control a texture so that as many grains as
possible in a crystal orientation (Goss orientation) in which {110} plane is aligned parallel to the steel sheet surface and
<100> axis is aligned with the rolling direction. In order to accumulate crystal orientations in the Goss orientation, it is
usual practice to finely precipitate inhibitors such as AIN, MnS, and MnSe in the steel to control a secondary recrystal-
lization.

[0005] The iron loss is a power loss consumed as heat energy when the iron core is excited by an alternating-current
magnetic field. From the viewpoint of energy saving, the iron loss is required to be as low as possible. Magnetic sus-
ceptibility, sheet thickness, film tension, amount of impurities, electrical resistivity, grain size, magnetic domain size, and
the like affect a level of the iron loss. Even now that various technologies for electrical steel sheets have been developed,
research and development to reduce the iron loss is being continued to improve energy efficiency.

[0006] Other properties required for grain-oriented electrical steel sheets are properties of a coating formed on a
surface of a base steel sheet. Generally, in grain-oriented electrical steel sheets, as shown in FIG. 1, a forsterite film 2
mainly composed of Mg,SiO, (forsterite) is formed on the base steel sheet 1, and an insulation coating 3 is formed on
the forsterite film 2. The forsterite film and the insulation coating have a function of electrically insulating the surface of
the base steel sheet and applying tension to the base steel sheet to reduce the iron loss. The forsterite film also contains
a small amount of the impurities and additives contained in the base steel sheet and an annealing separator, and reaction
products thereof, in addition to Mg,SiO,.

[0007] In order for the insulation coating to exhibit insulation properties and required tension, the insulation coating
should not peel from the electrical steel sheet. Therefore, the insulation coating is required to have high coating adhesion.
However, it is not easy to increase both the tension applied to the base steel sheet and the coating adhesion at the
same time. Even now, research and development to enhance both of them at the same time is continuing.

[0008] Grain-oriented electrical steel sheets are usually manufactured by the following procedure. A silicon steel slab
containing 2.0 to 4.0 mass% of Si is hot-rolled, the steel sheet after the hot-rolling is annealed as necessary, and then
the annealed steel sheet is cold-rolled once or twice or more with intermediate annealing interposed therebetween to
finish the steel sheet with a final thickness. Then, the steel sheet having the final thickness is decarburization-annealed
in a wet hydrogen atmosphere to promote primary recrystallization in addition to decarburization and to form an oxide
layer on the surface of the steel sheet.

[0009] An annealing separator containing MgO (magnesia) as a main component is applied to the steel sheet having
an oxide layer, dried, and after drying, the steel sheet is wound in a coil shape. Next, the coiled steel sheet is final-
annealed to promote secondary recrystallization, and the crystal orientations of the grains are accumulated in the Goss
orientation. Further, MgO in the annealing separator is reacted with SiO, (silica) in the oxide layer to form an inorganic
forsterite film mainly composed of Mg,SiO,4 on the surface of the base steel sheet.

[0010] Next, the steel sheet having the forsterite film is purification-annealed to diffuse the impurities in the base steel
sheet to the outside and to remove them. Further, after the steel sheet is flattening-annealed, a solution mainly composed
of, for example, a phosphate and colloidal silica is applied to the surface of the steel sheet having the forsterite film and
is baked to form an insulation coating. At this time, tension due to a difference in a coefficient of thermal expansion is
applied between the crystalline base steel sheet and the substantially amorphous insulation coating. Therefore, the
insulation coating may be referred to as a tension coating.

[0011] An interface between the forsterite film mainly composed of Mg,SiO,4 ("2" in FIG. 1) and the steel sheet ("1" in
FIG. 1) usually has a non-uniform uneven shape (refer to FIG. 1). The uneven interface slightly diminishes the effect of
reducing the iron loss due to tension. Since the iron loss is reduced when the interface is smoothed, the following
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developments have been carried out to date.

[0012] Patent Document 1 discloses a manufacturing method in which the forsterite film is removed by a method such
as pickling and the surface of the steel sheet is smoothed by chemical polishing or electrolytic polishing. However, in
the manufacturing method of Patent Document 1, it may be difficult for the insulation coating to adhere to the surface
of the base steel sheet.

[0013] Therefore, in order to improve the coating adhesion of the insulation coating to the smoothed surface of the
steel sheet, as shown in FIG. 2, it has been proposed to form an intermediate layer 4 (or a base film) between the base
steel sheet and the insulation coating. A base film disclosed in Patent Document 2 and formed by applying an aqueous
solution of a phosphate or alkali metal silicate is also effective in the coating adhesion. As a more effective method,
Patent Document 3 discloses a method in which a steel sheet is annealed in a specific atmosphere before an insulation
coating is formed and an externally oxidized silica layer is formed as an intermediate layer on the surface of the steel sheet.
[0014] The coating adhesion can be improved by forming such an intermediate layer, but since large-scale equipment
such as electrolytic treatment equipment and dry coating equipment is additionally required, it may be difficult to secure
a site therefor, and the manufacturing cost may increase.

[0015] Patent Documents 4 to 6 disclose techniques in which, when an insulation coating containing an acidic organic
resin as a main component which does not substantially contain chromium is formed on a steel sheet, a phosphorus
compound layer (a layer composed of FePO,, Fe;(PO,),, FeHPO,, Fe(H,PO,),, Zn,Fe(PO,),, Zny(PO,),, and hydrates
thereof, or a layer composed of a phosphate of Mg, Ca, and Al having a thickness of 10 to 200 nm) is formed between
the steel sheet and the insulation coating to improve the exterior and adhesion of the insulation coating.

[0016] On the other hand, a magnetic domain control method (which subdivides a 180° magnetic domains) in which
a width of a 180° magnetic domain is narrowed by forming stress strain parts and groove parts extending in a direction
intersecting the rolling direction at predetermined intervals in the rolling direction is known as a method for reducing
anomalous eddy current loss which is a type of iron loss. In a method of forming a stress strain, a 180° magnetic domain
refinement effect of a reflux magnetic domain generated in the strain part is used. A representative method is a method
which utilizes a shock wave or rapid heating by irradiation with a laser beam. In this method, the surface shape of the
irradiated portion hardly changes. On the other hand, a method of forming a groove utilizes an anti-magnetic field effect
due to a magnetic pole generated on a side wall of the groove. That is, the magnetic domain control is classified into a
strain applying type and a groove forming type. For example, Patent Document 7 discloses a technique for forming a
groove by irradiation with a laser beam or an electron beam.

[0017] In addition, when a transformer with a wound core is manufactured using a grain-oriented electrical steel sheet,
in order to remove a deformation strain caused by the grain-oriented electrical steel sheet being wound in a coil shape,
it is necessary to perform a stress relief annealing process. When a wound core is manufactured using a grain-oriented
electrical steel sheet of which the magnetic domain is controlled by a strain applying method, since the strain disappears
by performing the stress relief annealing process, the magnetic domain refinement effect (that is, the effect of reducing
anomalous eddy current loss) also disappears. On the other hand, when the wound core is manufactured using the
grain-oriented electrical steel sheet of which the magnetic domain is controlled in a groove forming method, since the
groove does not disappear even when the stress relief annealing process is performed, the magnetic domain refinement
effect can be maintained. Therefore, a groove forming type is adopted as a method for manufacturing a magnetic domain
control material for a wound core. When a transformer with a stacked core is manufactured, one of the strain applying
type and the groove forming type can be selectively adopted since the stress relief annealing is not performed.

[0018] An electrolytic etching method (Patent Document 8) in which a groove is formed in a surface of a grain-oriented
electrical steel sheet by electrolytic etching, a gear pressing method (Patent Document 9) in which a groove is formed
in a surface of a steel sheet by mechanically pressing a gear on the surface of the grain-oriented electrical steel sheet,
and a laser radiation method (Patent Document 10) in which a groove is formed in a surface of a grain-oriented electrical
steel sheet by laser radiation are generally known as the groove forming magnetic domain control method.

[0019] Further, the magnetic domain control by the groove formation is also performed on a grain-oriented electrical
steel sheet having no forsterite film as described above. For example, Patent Document 11 discloses a manufacturing
method for forming a groove by pressing a tooth mold on a surface of a steel sheet. Patent Document 12 discloses a
manufacturing method for forming a groove in a surface of a steel sheet by a photoetching method or a method of
radiating a laser, infrared rays, an electron beam, or the like. Furthermore, Patent Document 13 discloses a manufacturing
method in which linear or dotted grooves are formed in a surface of a steel sheet at predetermined intervals before the
insulation coating is baked or after the insulation coating is baked.

[Citation List]
[Patent Document]

[0020]
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[Patent Document 1] Japanese Unexamined Patent Application, First Publication No. S49-096920
[Patent Document 2] Japanese Unexamined Patent Application, First Publication No. H05-279747
[Patent Document 3] Japanese Unexamined Patent Application, First Publication No. H06-184762
[Patent Document 4] Japanese Unexamined Patent Application, First Publication No. 2001-220683
[Patent Document 5] Japanese Unexamined Patent Application, First Publication No. 2003-193251
[Patent Document 6] Japanese Unexamined Patent Application, First Publication No. 2003-193252
[Patent Document 7] Japanese Unexamined Patent Application, First Publication No. 2012-177164
[Patent Document 8] Japanese Unexamined Patent Application, First Publication No. S62-054873
[Patent Document 9] Japanese Unexamined Patent Application, First Publication No. S62-053579
[Patent Document 10] Japanese Unexamined Patent Application, First Publication No. H06-057335
[Patent Document 11] Japanese Unexamined Patent Application, First Publication No. H08-269554
[Patent Document 12] Japanese Unexamined Patent Application, First Publication No. H08-269557
[Patent Document 13] Japanese Unexamined Patent Application, First Publication No. 2004-342679

[Summary of the Invention]
[Problems to be Solved by the Invention]

[0021] Conventionally, the above-described studies have been made on a technique for reducing iron loss of a grain-
oriented electrical steel sheet. Meanwhile, for a grain-oriented electrical steel sheet having a three-layer structure of
"base steel sheetintermediate layer mainly composed of silicon oxide-insulation coating" and having no forsterite film,
detailed studies have not been conducted on adhesion between the intermediate layer and the insulation coating.
[0022] Therefore, as a result of examining the adhesion between the intermediate layer and the insulation coating of
the grain-oriented electrical steel sheet, the presentinventors have found a problem that, when the treatment for magnetic
domain control, that is, the above-described groove is formed, the insulation coating is easily peeled off especially around
the groove.

[0023] The present invention has been made in view of the above problems, and an object thereof is to provide a
grain-oriented electrical steel sheet capable of ensuring good adhesion of an insulation coating and obtaining a good
iron loss reduction effect in grain-oriented electrical steel sheets which do not have a forsterite film and have grooves
formed in a base steel sheet, and a method for manufacturing such a grain-oriented electrical steel sheet.

[Means for Solving the Problem]
[0024]

(1) A grain-oriented electrical steel sheet according to one aspect of the present invention includes a grain-oriented
electrical steel sheet having a base steel sheet, an intermediate layer disposed to be in contact with the base steel
sheet, and an insulation coating disposed to be in contact with the intermediate layer, and the grain-oriented electrical
steel sheet includes a surface of the base steel sheet having a groove which extends in a direction intersecting a
rolling direction of the base steel sheet, wherein in a cross-sectional view of a plane parallel to the rolling direction
and a sheet thickness direction of the base steel sheet, when a region between end portions of the groove is defined
as a groove part, an average thickness of the intermediate layer of the groove part is 0.5 times or more and 3.0
times or less an average thickness of the intermediate layer other than the groove part, and an area ratio of voids
in the insulation coating of the groove part is 15% or less.

(2) In the grain-oriented electrical steel sheet described in (1), in the cross-sectional view, when an internally oxidized
part having a maximum depth of 0.2 um or more present in the base steel sheet of the groove part is represented
by a line segmentratio at an interface between the base steel sheet and the intermediate layer, the internally oxidized
part may be present at 15% or less.

(3) In the grain-oriented electrical steel sheet described in (1) or (2), in the cross-sectional view, a depth of the base
steel sheet from the surface of the base steel sheet other than the groove part to a bottom portion of the groove
part in the sheet thickness direction of the base steel sheet may be 15 pwm or more and 40 pum or less.

(4) In the grain-oriented electrical steel sheet described in any one of (1) to (3), in the cross-sectional view, an
average thickness of the insulation coating other than the groove part may be 0.1 um or more and 10 uwm or less,
and the depth of the base steel sheet from a surface of the insulation coating of the groove part to the bottom portion
of the groove part in the sheet thickness direction of the base steel sheet may be 15.1 um or more and 50 um or less.
(5) In the grain-oriented electrical steel sheet described in any one of (1) to (4), the groove may be provided con-
tinuously or discontinuously when seen in a direction perpendicular to a sheet surface of the base steel sheet.

(6) A method for manufacturing a grain-oriented electrical steel sheet according to one aspect of the presentinvention
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is a method for manufacturing the grain-oriented electrical steel sheet described in any one of (1) to (5), the method
includes forming a groove in the base steel sheet which does not have a forsterite film and has a texture developed
in a {110}<001> orientation at any stage after cold rolling and before the insulation coating is formed on the base
steel sheet, and forming the intermediate layer and the insulation coating on the base steel sheet after the groove
is formed, wherein, in the forming of the insulation coating, an insulation coating forming solution is applied to the
base steel sheet, and the base steel sheet is soaked in a temperature range of 800°C or higher and 1000°C or lower
for 10 seconds or more and 120 seconds or less in an atmosphere gas containing hydrogen and nitrogen and having
an oxidation degree of PH,O/PH, adjusted to 0.001 or more and 0.15 or less, and the soaked base steel sheet is
cooled to 500°C at a cooling rate of 5 °C/sec or more and 30 °C/sec or less.

(7) A method for manufacturing a grain-oriented electrical steel sheet according to one aspect of the present invention
is a method for manufacturing the grain-oriented electrical steel sheet described in any one of (1) to (5), the method
includes forming the intermediate layer and the insulation coating on the base steel sheet which does not have a
forsterite film and has a texture developed in a {110}<001> orientation, forming a groove in the base steel sheet on
which the intermediate layer and the insulation coating are formed, and further forming the intermediate layer and
the insulation coating on the base steel sheet in which the groove is formed, wherein, in at least the final forming of
the insulation coating, an insulation coating forming solution is applied to the base steel sheet, and the base steel
sheet is soaked in a temperature range of 800°C or higher and 1000°C or lower for 10 seconds or more and 120
seconds orless in an atmosphere gas containing hydrogen and nitrogen and having an oxidation degree of PH,O/PH,
adjusted to 0.001 or more and 0.15 or less, and the soaked base steel sheet is cooled to 500°C at a cooling rate of
5 °C/sec or more and 30 °C/sec or less.

[Effects of the Invention]

[0025] According to the present invention, it is possible to provide a grain-oriented electrical steel sheet capable of
ensuring good adhesion of an insulation coating and obtaining a good iron loss reduction effect in grain-oriented electrical
steel sheets which do not have a forsterite film and have grooves formed in a base steel sheet, and a method for
manufacturing such a grain-oriented electrical steel sheet.

[Brief Description of Drawings]
[0026]

FIG. 1 is a schematic cross-sectional view showing a coating structure of a conventional grain-oriented electrical
steel sheet.

FIG. 2 is a schematic cross-sectional view showing another coating structure of the conventional grain-oriented
electrical steel sheet.

FIG. 3 is a schematic cross-sectional view for explaining a groove part of a grain-oriented electrical steel sheet
according to an embodiment of the present invention.

FIG. 4 is an example of an SEM image of a cross section of the grain-oriented electrical steel sheet according to
the embodiment.

FIG. 5is a diagram for explaining a definition of a line segment ratio of an internally oxidized part in the grain-oriented
electrical steel sheet according to the embodiment.

[Embodiments for implementing the Invention]

[0027] As a result of detailed observation using an electron microscope or the like, the present inventors have found
that, even in a conventional insulation coating with excellent coating adhesion, when a groove is formed in a surface of
a base steel sheet for the purpose of controlling a magnetic domain, the insulation coating is partially peeled off.
[0028] As a result of repeated observations and verifications, the present inventors have found that, when a groove
is formed in a surface of the base steel sheet, cracks occur in the insulation coating formed inside the groove, and the
cracks cause voids or internal oxidation in the base steel sheet. In particular, when the groove was deeply formed in the
base steel sheet having no forsterite film, the occurrence of cracks was remarkable. It is considered that this is because
the insulation coating inside the groove part becomes thicker than the insulation coating other than the groove, and
stress concentration occurs.

[0029] Additionally, the presentinventors have found that peeling occurs at an interface between the insulation coating
and the intermediate layer starting from voids and internally oxidized parts.

[0030] Furthermore, as a result of examining properties of the cracks, the present inventors have found that the cracks
generated in the insulation coating formed inside the groove depend on conditions for forming the insulation coating.
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[0031] Hereinafter, preferred embodiments of the present invention will be described. However, it is obvious that the
present invention is not limited to configurations disclosed in the embodiments, and various modifications can be made
without departing from the purpose of the present invention. It is also obvious that elements of the following embodiments
can be combined with each other within the scope of the present invention.

[0032] Further, in the following embodiments, a numerical limitation range represented by using "to" means a range
including numerical values before and after "to" as a lower limit value and an upper limit value. Numerical values indicated
by "greater than" or "less than" are not included in the numerical range thereof.

[Grain-oriented electrical steel sheet]

[0033] A grain-oriented electrical steel sheet according to the present embodiment has a base steel sheet, an inter-
mediate layer disposed to be in contact with the base steel sheet, and an insulation coating disposed to be in contact
with the intermediate layer.

[0034] The grain-oriented electrical steel sheet according to the present embodiment has a groove which extends in
a direction intersecting a rolling direction of the base steel sheet on a surface of the base steel sheet, and when a region
between end portions of the groove is defined as a groove part, an average thickness of an intermediate layer of the
groove part is 0.5 times or more and 3.0 times or less an average thickness of the intermediate layer other than the
groove part, and an area ratio of voids in the insulation coating of the groove part is 15% or less in a cross-sectional
view of a plane parallel to the rolling direction and a sheet thickness direction of the base steel sheet.

[0035] In the grain-oriented electrical steel sheet according to the present embodiment, there are a base steel sheet,
an intermediate layer disposed to be in contact with the base steel sheet, and an insulation coating disposed to be in
contact with the intermediate layer, and there is no forsterite film.

[0036] Here, the grain-oriented electrical steel sheet without a forsterite film is a grain-oriented electrical steel sheet
manufactured by removing the forsterite film after production, or a grain-oriented electrical steel sheet manufactured by
suppressing formation of a forsterite film.

[0037] Inthe present embodiment, the rolling direction of the base steel sheet is a rolling direction in hot rolling or cold
rolling when the base steel sheet is manufactured by a manufacturing method which will be described later. The rolling
direction may also be referred to as a sheet passing direction, a conveying direction, or the like of a steel sheet. The
rolling direction is a longitudinal direction of the base steel sheet. The rolling direction can also be identified using a
device for observing a magnetic domain structure or a device for measuring a crystal orientation such as an X-ray Laue
method.

[0038] In the present embodiment, the direction intersecting the rolling direction means a direction in a range of
inclination within 45° in a clockwise or counterclockwise direction parallel to the surface of the base steel sheet from a
direction parallel to or perpendicular to the surface of the base steel sheet with respect to the rolling direction (hereinafter,
itis also simply referred to as a "direction perpendicular to the rolling direction"). Since the groove is formed in the surface
of the base steel sheet, the groove extends from a direction perpendicular to the rolling direction and the sheet thickness
direction on the surface of the base steel sheet to a direction of inclination within 45° on the plate surface of the base
steel sheet.

[0039] The plane parallel to the rolling direction and the sheet thickness direction means a plane parallel to both the
above-described rolling direction and sheet thickness direction of the base steel sheet.

[0040] Hereinafter, each of constituent components of the grain-oriented electrical steel sheet according to the present
embodiment will be described.

(Base steel sheet)

[0041] The base steel sheet which is a base material has a texture in which a crystal orientation is controlled such
that it becomes a Goss orientation on the surface of the base steel sheet. A surface roughness of the base steel sheet
is not particularly limited, but an arithmetic mean roughness (Ra) thereof is preferably 0.5 um or less, and more preferably
0.3 wm or less to apply a large tension to the base steel sheet to reduce iron loss. A lower limit of the arithmetic mean
roughness (Ra) of the base steel sheet is not particularly limited, but when it is 0.1 wm or less, an iron loss improving
effect becomes saturated, and thus the lower limit may be 0.1 um.

[0042] A sheet thickness of the base steel sheet is also not particularly limited, but an average sheet thickness thereof
is preferably 0.35 mm or less, and more preferably 0.30 mm or less to further reduce the iron loss. A lower limit of the
sheet thickness of the base steel sheet is not particularly limited, but may be 0.10 mm from the viewpoint of manufacturing
equipment and cost. A method for measuring the sheet thickness of the base steel sheet is not particularly limited, but
it can be measured using, for example, a micrometer or the like.

[0043] A chemical composition of the base steel sheet is not particularly limited, but preferably, itincludes, for example,
a high concentration of Si (for example, 0.8 to 7.0 mass%). In this case, a strong chemical affinity develops between
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the base steel sheet and the intermediate layer mainly composed of a silicon oxide, and the intermediate layer and the
base steel sheet are firmly adhered to each other. The detailed chemical composition of the base steel sheet will be
described later.

(Intermediate layer)

[0044] The intermediate layer is disposed to be in contact with the base steel sheet (that is, formed on the surface of
the base steel sheet), and has a function of bringing the base steel sheet and the insulation coating into close contact
with each other. The intermediate layer extends continuously on the surface of the base steel sheet. The adhesion
between the base steel sheet and the insulation coating is improved and stress is applied to the base steel sheet by
forming the intermediate layer between the base steel sheet and the insulation coating.

[0045] Theintermediate layer can be formed by heat treatment a base steel sheet in which the formation of the forsterite
film is suppressed during final annealing, or a base steel sheet from which the forsterite film is removed after the final
annealing in an atmosphere gas adjusted to a predetermined oxidation degree.

[0046] The silicon oxide which is a main component of the intermediate layer is preferably SiO, (x=1.0 to 2.0). When
the silicon oxide is SiO, (x=1.5 to 2.0), the silicon oxide is more stable, which is more preferable.

[0047] For example, when a heat treatment is performed under conditions of an atmosphere gas: 20 to 80% N,+80
to 20% H, (100% in total), a dew point: -20 to 2°C, an annealing temperature: 600 to 1150°C, and an annealing time:
10 to 600 seconds, an intermediate layer mainly composed of a silicon oxide can be formed.

[0048] When a thickness of the intermediate layer is thin, a thermal stress relaxation effect may not be sufficiently
exhibited. Therefore, the thickness of the intermediate layer is preferably 2 nm or more on average. The thickness of
the intermediate layer is more preferably 5 nm or more. On the other hand, when the thickness of the intermediate layer
is thick, the thickness becomes non-uniform, and defects such as voids and cracks may occur in a layer. Therefore, the
thickness of the intermediate layer is preferably 400 nm or less on average, and more preferably 300 nm or less. A
method for measuring the thickness of the intermediate layer will be described later.

[0049] The intermediate layer may be an externally oxidized film formed by external oxidation. The externally oxidized
film is an oxide film formed in an atmosphere gas having a low oxidation degree and means an oxide formed in a film
shape on the surface of the steel sheet after an alloying element (Si) in the steel sheet is diffused to the surface of the
steel sheet.

[0050] As described above, the intermediate layer contains silica (a silicon oxide) as a main component. In addition
to the silicon oxide, the intermediate layer may contain an oxide of an alloying element contained in the base steel sheet.
That is, it may contain any oxide of Fe, Mn, Cr, Cu, Sn, Sb, Ni, V, Nb, Mo, Ti, Bi, and Al, or a composite oxide thereof.
The intermediate layer may also contain metal grains of Fe or the like. Further, the intermediate layer may contain
impurities as long as the effect is not impaired.

[0051] In the grain-oriented electrical steel sheet according to the present embodiment, an average thickness of the
intermediate layer in a groove part is 0.5 times or more and 3.0 times or less an average thickness of the intermediate
layer other than the groove part.

[0052] With such a configuration, good adhesion of the insulation coating can be maintained even in the groove part.
[0053] An average thickness of the intermediate layer other than the strain region can be measured with a scanning
electron microscope (SEM) or a transmission electron microscope (TEM) by a method which will be described later.
Further, an average thickness of the intermediate layer in the groove part can also be measured by the same method.
[0054] Specifically, the average thickness of the intermediate layer in the groove part and the average thickness of
the intermediate layer other than the groove part can be measured by the method described below.

[0055] First, a test piece is cut out so that a cutting direction is parallel to the sheet thickness direction (specifically,
the test piece is cut out so that a cut surface is parallel to the sheet thickness direction and perpendicular to the rolling
direction), and a cross-sectional structure of the cut surface is observed by the SEM at a magnification at which each
of layers (that is, the base steel sheet, the intermediate layer, and the insulation coating) is included in an observation
field of view. Itis possible toinfer how many layers the cross-sectional structure includes by observing with a backscattered
electron composition image (a COMPO image).

[0056] In order to identify each of layers in the cross-sectional structure, a line analysis in the sheet thickness direction
is performed using an energy dispersive X-ray spectroscopy (SEM-EDS), and a quantitative analysis of the chemical
composition of each of layers is performed.

[0057] Elements to be quantitatively analyzed are five elements of Fe, Cr, P, Si, and O. "Atomic%" described below
is not an absolute value of atomic%, but a relative value calculated based on an X-ray intensity corresponding to the
five elements.

[0058] In the following, it is assumed that the relative value measured by the SEM-EDS is a specific numerical value
obtained by performing a line analysis with a scanning electron microscope (NB5000) manufactured by Hitachi High-
Technologies Corporation and an EDS analyzer (XFlash (r) 6130) manufactured by Bruker AXS GmbH. and inputting
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the results thereof to EDS data software (ESPRIT 1.9) manufactured by Bruker AXS GmbH. for calculation.

[0059] Further, the relative value measured by TEM-EDS shall be a specific numerical value obtained by performing
a line analysis with a transmission electron microscope (JEM-2100F) manufactured by JEOL Ltd. and an energy dis-
persive X-ray analyzer (JED-2300T) manufactured by JEOL Ltd. and inputting the results thereof to the EDS data
software (an analysis station) manufactured by JEOL Ltd. for calculation. Of course, the measurement with SEM-EDS
and TEM-EDS is not limited to examples shown below.

[0060] First, the base steel sheet, the intermediate layer, and the insulation coating are identified as follows based on
the observation results of the COMPO image and the quantitative analysis results of the SEM-EDS. That is, when there
is a region in which a Fe content is 80 atomic% or more and an O content is less than 30 atomic% excluding the
measurement noise, and also a line segment (a thickness) on a scanning line of the line analysis corresponding to this
region is 300 nm or more, this region is determined as the base steel sheet, and the regions excluding the base steel
sheet are determined as the intermediate layer and the insulation coating.

[0061] As a result of observing the region excluding the base steel sheet identified above, when there is a region in
which a P content is 5 atomic% or more and the O content is 30 atomic% or more excluding the measurement noise,
and also the line segment (the thickness) on the scanning line of the line analysis corresponding to this region is 300
nm or more, this region is determined as the insulation coating.

[0062] Whenthe above-described regionwhichisthe insulation coating is identified, precipitates or inclusions contained
in the film are not included in targets for determination, and a region which satisfies the above-described quantitative
analysis results as a matrix phase is determined as the insulation coating. For example, when it is confirmed from the
COMPO image or the line analysis results that the precipitates or inclusions are present on the scanning line of the line
analysis, determination is made based on the quantitative analysis results as the matrix phase without this region being
included in the targets. The precipitates or inclusions can be distinguished from the matrix phase by a contrast in the
COMPO image, and can be distinguished from the matrix phase by an amount of constituent elements present in the
quantitative analysis results.

[0063] When there is the region excluding the base steel sheet and the insulation coating identified above, and the
line segment (the thickness) on the scanning line of the line analysis corresponding to this region is 300 nm or more,
this region is determined as the intermediate layer. The intermediate layer may satisfy an average Si content of 20
atomic% or more and an average O content of 30 atomic% or more as an overall average (for example, the arithmetic
mean of the atomic% of each of the elements measured at each of measurement points on the scanning line). The
quantitative analysis results of the intermediate layer are quantitative analysis results as the matrix phase, which do not
include analysis results of the precipitates or inclusions contained in the intermediate layer.

[0064] The identification of each of the layers and the measurement of the thickness by the above-described COMPO
image observation and SEM-EDS quantitative analysis are performed at five or more locations with different observation
fields of view. An arithmetic mean value is obtained from values excluding a maximum value and a minimum value
among the thicknesses of the layers obtained at five or more locations in total, and this average value is used as the
thickness of each of the layers. However, the thickness of the oxide film which is the intermediate layer is measured at
a location at which it can be determined that it is an external oxidation region and not an internal oxidation region while
a morphology is observed, and an average value thereof is obtained. The thickness (the average thickness) of the
insulation coating and the intermediate layer can be measured by such a method.

[0065] When there is a layer in which the line segment (the thickness) on the scanning line of the line analysis is less
than 300 nm in at least one of the above-described five or more observation fields of view, a corresponding layer is
observed in detail with the TEM, and the identification of the corresponding layer and the measurement of the thickness
are performed by the TEM.

[0066] More specifically, a test piece including a layer to be observed in detail using the TEM is cut out by focused
ion beam (FIB) processing so that a cutting direction is parallel to the sheet thickness direction (specifically, the test
piece is cut out so that a cut surface is parallel to the sheet thickness direction and perpendicular to the rolling direction),
and the cross-sectional structure of this cut surface (a bright field image) is observed by scanning-TEM (STEM) at a
magnification at which the corresponding layer is included in the observation field of view. When each of the layers is
not included in the observation field of view, the cross-sectional structure is observed in a plurality of continuous fields
of view.

[0067] In order to identify each of the layers in the cross-sectional structure, the line analysis is performed in the sheet
thickness direction using the TEM-EDS, and the quantitative analysis of the chemical composition of each of the layers
is performed. The elements to be quantitatively analyzed are five elements, Fe, Cr, P, Si, and O.

[0068] Each of the layers is identified and the thickness of each of the layers is measured based on the bright field
image observation results by the TEM and the quantitative analysis results of the TEM-EDS described above. The
method for identifying each of the layers and the method for measuring the thickness of each of the layers using the
TEM may be performed according to the above-described method using the SEM.

[0069] When the thickness of each of the layers identified by the TEM is 5 nm or less, it is preferable to use a TEM
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having a spherical aberration correction function from the viewpoint of a spatial resolution. Further, when the thickness
of each of the layers is 5 nm or less, a point analysis may be performed in the sheet thickness direction at intervals of,
for example, 2 nm or less, the line segment (the thickness) of each of the layers may be measured, and this line segment
may be adopted as the thickness of each of the layers. For example, when the TEM having the spherical aberration
correction function is used, an EDS analysis can be performed with the spatial resolution of about 0.2 nm.

[0070] Inthe above-described method for identifying each of the layers, since the base steel sheet in the entire region
is identified at first, then the insulation coating in a remainder is identified, and finally the remainder is determined as
the intermediate layer, in the case of a grain-oriented electrical steel sheet which satisfies the configuration of the present
embodiment, there is no unidentified region other than each of the above-described layers in the entire region.

(Insulation coating)

[0071] The insulation coating is a vitreous insulation coating formed by applying a solution mainly composed of a
phosphate and colloidal silica (SiO,) to the surface of the intermediate layer and baking it. Alternatively, a solution mainly
composed of alumina sol and boric acid may be applied to the surface of the intermediate layer and is baked to form an
insulation coating. This insulation coating can provide high surface tension to the base steel sheet. The insulation coating
constitutes, for example, the outermost surface of the grain-oriented electrical steel sheet.

[0072] The average thickness of the insulation coating is preferably 0.1 to 10 um. When the thickness of the insulation
coating is less than 0.1 um, the coating adhesion of the insulation coating may not be improved, and it may be difficult
to apply the required surface tension to the steel sheet. Therefore, the thickness is preferably 0.1 wm or more, and more
preferably 0.5 wm or more on average.

[0073] When the average thickness of the insulation coating is more than 10 wm, cracks may occur in the insulation
coating at the stage of forming the insulation coating. Therefore, the average thickness is preferably 10 wm or less, and
more preferably 5 wm or less on average.

[0074] In consideration of recent environmental problems, an average Cr concentration in the insulation coating is
preferably limited to less than 0.10 atomic%, and more preferably limited to less than 0.05 atomic% as the chemical
composition.

[0075] In the grain-oriented electrical steel sheet according to the present embodiment, the average thickness of the
insulation coating other than the groove part is 0.1 wm or more and 10 um or less, and more preferable, a depth of the
base steel sheet from the surface of the insulation coating in the groove part to a bottom portion of the groove part in
the sheet thickness direction is 15.1 wm or more and 50 pm or less.

[0076] With such a configuration, it is possible to obtain an effect in which good adhesion and iron loss properties of
the insulation coating can be obtained at the same time.

(Groove)

[0077] The groove formed in the base steel sheet will be described with reference to FIG. 3. As shown in FIG. 3, a
groove G is formed in the surface of the base steel sheet 1 of the grain-oriented electrical steel sheet according to the
present embodiment. FIG. 3 is a schematic view showing a cross section of the base steel sheet 1 parallel to the rolling
direction and the sheet thickness direction. The intermediate layer 4 shown in FIG. 2 is formed on the base steel sheet
1. Since the intermediate layer 4 has a smaller thickness than those of the other layers, the intermediate layer 4 is
represented by a line in FIG. 3. The insulation coating 3 is formed on the intermediate layer 4.

[0078] As shown in FIG. 3, a straight line s’ is a straight line which is 1 um away from the base steel sheet 1 with a
straight line s along a surface of a region in which the groove G of the base steel sheet 1 is not formed and is parallel
to the straight line s. As shown in FIG. 3, an intersection of an inclined surface of the groove G and the straight line s’
is defined as an end portion e or an end portion e’ of the groove G.

[0079] The straight line s can be determined by a method shown in FIG. 3, for example, based on an image of an
SEM photograph or a TEM photograph. That is, a portion at which an interface between the base steel sheet 1 and the
insulation coating 3 is substantially horizontal (the region in which the groove G is not formed) is identified by observing
the images of the SEM photograph and the TEM photograph. Then, a straight line which passes through such an interface
and is horizontal is defined as the straight line s.

[0080] A width W of the groove G is defined as a distance between the end portion e and the end portion €’ in a
direction parallel to the surface of the region in which the groove G of the base steel sheet 1 is not formed. Further, in
a direction orthogonal to the straight line s, a point on a inclined surface of the groove G farthest from the straight line
s is defined as a bottom portion b of the groove G. The shortest distance from the bottom portion b to the straight line
s’ is defined as a depth D of the groove G.

[0081] In the cross section as shown in FIG. 3, a region surrounded by a straight line m which passes through the end
portion e and is orthogonal to the straight line s and a straight line m’ which passes through the end portion e’ and is
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orthogonal to the straight line s is referred to as a groove part Rg. That s, in FIG. 3, the insulation coating 3 of the groove
part Rg is a region of the insulation coating 3 interposed between the straight line m which passes through the end
portion e and is orthogonal to the straight line s and the straight line m’ which passes through the end portion e’ and is
orthogonal to the straight line s. Further, the insulation coating 3 other than the groove part Rg means a region of the
insulation coating 3 excluding the above-described insulation coating 3 of the groove part Rg in FIG. 3.

[0082] The direction orthogonal to the straight line s may be parallel to the sheet thickness direction of the base steel
sheet 1.

[0083] Usually, since the grooves are formed at predetermined intervals along the rolling direction in the direction
intersecting the rolling direction, a plurality of grooves G are formed intermittently in the rolling direction. Thus, a region
between the Nth groove part counted in the rolling direction and, for example, the N+1th groove part (or the N-1th groove
part) adjacent to the Nth groove part in the rolling direction can be referred to as a region other than the groove part.
[0084] The width W of the groove G is preferably 10 wm or more, and more preferably 20 um or more. The width
W of the groove G is preferably 500 wm or less, and more preferably 100 um or less.

[0085] In the grain-oriented electrical steel sheet according to the present embodiment, the area ratio of the voids in
the insulation coating of the groove part is 15% or less. With such a configuration, the effect that the adhesion of the
insulation coating is good can be obtained. The lower limit value of the area ratio of the voids is not particularly limited
and may be 0%.

[0086] The area ratio of the voids in the insulation coating of the groove part described above can be identified by the
following method.

[0087] The insulation coating identified by the above-described method is observed by TEM (a bright field image). In
this bright field image, a white region becomes a void. Whether or not the white region is a void can be clearly determined
by, for example, an EDS analysis of the SEM or TEM. The area ratio of the voids in the insulation coating in the groove
part described above can be obtained by binarizing the region which is the void and the region which is not the void in
the insulation coating on the observation field of view and performing an image analysis. More specifically, a ratio of the
number of pixels which are binarized to white to the number of pixels in the region of the insulation coating of the groove
part (the region of the insulation coating 3 interposed between the straight line m and the straight line m’) is defined as
the area ratio of the void.

[0088] In binarization of an image for performing the image analysis, the image may be binarized by manually coloring
voids in a structure photograph based on the above-described void discrimination result.

[0089] For the same groove part, the area ratio of the voids is measured at three or more locations with an interval of
50 mm or more in the direction perpendicular to the rolling direction and the sheet thickness direction of the base steel
sheet, and an arithmetic mean value of these area ratios is taken as the area ratio of the voids in the insulation coating
of the groove part.

[0090] In the groove part, there may be a melted part formed by melting the base steel sheet by irradiation with a laser
beam or the like. The area ratio of the voids is defined by an area of the voids in the groove part with respect to an area
of the insulation coating including the voids except such a melted part.

[0091] FIG. 4 shows an example of an SEM image of the cross section of the grain-oriented electrical steel sheet (a
plane parallel to the rolling direction and the sheet thickness direction of the base steel sheet) taken with a groove part
in the field of view. In the image of FIG. 4, cracks in the insulation coating appear in white.

[0092] In the grain-oriented electrical steel sheet according to the present embodiment, in the cross-sectional view of
the plane parallel to the rolling direction and the sheet thickness direction of the base steel sheet, more preferably, the
depth Dg (that is, the shortest distance from the bottom portion b to the straight line s’) in the sheet thickness direction
of the base steel sheet 1 from the surface of the base steel sheet 1 other than the groove part Rg to the bottom portion
b of the groove part Rg is 15 wm or more and 40 um or less. The depth Dg is more preferably 20 wm or more, and the
depth Dg is more preferably 40 um or less.

[0093] With such a configuration, an effect in which the magnetic domain is subdivided and the iron loss is reduced
can be obtained. When the depth Dg is too large, the intermediate layer and the internally oxidized layer become deep,
and the voids are likely to be generated in the insulation coating, and the adhesion of the insulation coating may be
deteriorated.

[0094] In the grain-oriented electrical steel sheet according to the present embodiment, more preferably, the groove
G is provided continuously or discontinuously when seen in a direction perpendicular to the sheet surface of the base
steel sheet 1. The fact that the groove G is provided continuously means that the groove G is formed by 5 mm or more
in the direction intersecting the rolling direction of the base steel sheet 1. The fact that the groove G is discontinuously
provided means that a point-shaped groove G or an intermittent linear groove G of 5 mm or less is formed in the direction
intersecting the rolling direction of the base steel sheet 1.

[0095] With such a configuration, an effect in which the magnetic domain is subdivided and iron loss is reduced can
be obtained.
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(Internally oxidized part)

[0096] In the grain-oriented electrical steel sheet according to the present embodiment, an internally oxidized part
may be present between the base steel sheet and the intermediate layer. The internally oxidized part is an oxidized
region formed in an atmosphere gas having a relatively high oxidation degree, and is an oxidized region formed in an
island shape inside the base steel sheet with almost no diffusion of alloying elements in the base steel sheet.

[0097] This internally oxidized part has a form in which it is fitted from the interface between the base steel sheet and
the intermediate layer toward the base steel sheet side when seen on a cut surface of which a cutting direction is parallel
to the sheet thickness direction. This internally oxidized part is formed by an oxidized region which grows from the
intermediate layer near the interface as a starting point toward the base steel sheet.

[0098] For example, when an internally oxidized part is formed on a surface other than the groove part on the surface
of the base steel sheet, smoothness of the surface of the base steel sheet is impaired, and the iron loss increases.
Therefore, as the area fraction of internally oxidized parts becomes smaller, it is more preferable. In particular, an
internally oxidized part perpendicular to the interface and having a maximum depth of 0.2 um or more from the interface
to the base steel sheet greatly impairs the smoothness of the surface of the base steel sheet and worsens the iron loss.
Therefore, it is preferable to reduce the internally oxidized part having a maximum depth of 0.2 pwm or more.

[0099] Although the internally oxidized part may grow to a maximum depth of about 0.5 pum according to manufacturing
conditions, the effect in which the iron loss is not deteriorated can be obtained by setting the upper limit of the maximum
depth of the oxidized region of interest to 0.2 um.

[0100] Although the cause of the formation of the internally oxidized part inside the base steel sheet is not clear, it is
presumed that, when the insulation coating is formed on the surface of the intermediate layer, some of a phosphoric
acid and the like contained in the insulation coating is decomposed, water vapor or oxygen generated during the de-
composition internally oxidizes the base steel sheet, and thus the internally oxidized part is generated. Alternatively, it
is presumed that the conditions of the insulation coating forming process also affect the generation of the internally
oxidized part.

[0101] Like the intermediate layer, the internally oxidized part contains silica (a silicon oxide) as a main component.
In addition to the silicon oxide, the internally oxidized part may contain an oxide of an alloying element contained in the
base steel sheet. That is, it may contain any oxide of Fe, Mn, Cr, Cu, Sn, Sb, Ni, V, Nb, Mo, Ti, Bi, and Al, or a composite
oxide thereof. The internally oxidized part may also contain metal grains of Fe or the like in addition to them. Further,
the internally oxidized part may contain impurities.

[0102] In the grain-oriented electrical steel sheet according to the present embodiment, in a cross-sectional view of a
plane parallel to the sheet thickness direction of the base steel sheet, when the internally oxidized part having a maximum
depth of 0.2 um or more present in the base steel sheet of the groove part is expressed by a line segment ratio at the
interface between the base steel sheet and the intermediate layer, it may be present in an amount of 15% or less.
[0103] It is possible to preferably suppress the peeling of the insulation coating particularly in the groove part by
controlling the generation rate of the internally oxidized part in this way.

[0104] Next, the line segment ratio for defining the generation rate of the internally oxidized part in the groove part will
be described with reference to FIG. 5. FIG. 5 is a diagram showing the cross section of the grain-oriented electrical steel
sheet on a plane parallel to the rolling direction and the sheet thickness direction of the base steel sheet. FIG. 5 is a
schematic view for explanation, and since the intermediate layer is very thin, the intermediate layer present between
the insulation coating 3 and the base steel sheet 1 is omitted.

[0105] As shown in FIG. 5, the line segment ratio representing the generation rate of the internally oxidized part 5 is
defined as follows. That is, when looking at the above-described cross section, a line L which is 0.2 um away from the
interface 6 between the insulation coating 3 and the intermediate layer 4 (refer to FIG. 3) in the groove part and sur-
roundings thereof toward the base steel sheet and follows the interface 6 is defined. Then, a ratio of a total value of a
length d,, of a range 5a in which the internally oxidized parts 5 are present on a line segment with respect to a length 1
of a portion (the line segment) present between the end portions e and e’ of the groove in the line L is defined as a line
segment ratio of the internally oxidized part 5. Specifically, the line segment ratio of the internally oxidized part 5 is
defined as a percentage of a value obtained by dividing the total value (>d,,=d+d,+...+d,) of the length d,, of the internally
oxidized part 5 by the length 1 of the line segment present between the end portions e and e’ of the groove. That is, the
line segment ration (%)=(2d,/1)x100. The above-described line L is specifically a set of points on a normal line of a
curve or straight line representing the interface 6 which passes through a certain point on the interface 6 and is 0.2 um
away from this point, and is a curve or a straight line.

[0106] Further, the length d,, of each of the internally oxidized parts 5 is a length of the range 5a in which the internally
oxidized part 5 on the line L is present. Further, the internally oxidized part 5 to be measured is an internally oxidized
part 5 having a maximum depth of 0.2 um or more from the interface 6.

[0107] Regarding the grain-oriented electrical steel sheet according to the present embodiment, a component com-
position of the base steel sheet is not particularly limited. Herein, since the grain-oriented electrical steel sheet is man-
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ufactured through various processes, component compositions of material steel pieces (slabs) and base steel sheets
which are preferable for manufacturing the grain-oriented electrical steel sheet according to the present embodiment
will be described below.

[0108] Hereinafter, % relating to the component composition of the material steel piece and the base steel sheet
means mass% with respect to a total mass of the material steel piece or the base steel sheet.

(Component composition of base steel sheet)

[0109] The base steel sheet of the electrical steel sheet according to the present invention contains, for example, Si:
0.8 to 7.0%, and is limited to C: 0.005% or less, N: 0.005% or less, a total amount of S and Se: 0.005% or less, and
acid-soluble Al: 0.005% or less, and a remainder thereof is composed of Fe and impurities.

Si: 0.8% or more and 7.0% or less

[0110] Silicon (Si) increases electrical resistance of the grain-oriented electrical steel sheet and reduces the iron loss.
The lower limit of the Si content is preferably 0.8% or more, and more preferably 2.0% or more. On the other hand, when
the Si content exceeds 7.0%, the saturation magnetic flux density of the base steel sheet decreases, and thus it may
be difficult to reduce a size of an iron core. Therefore, the upper limit of the Si content is preferably 7.0% or less.

C: 0.005% or less

[0111] Since carbon (C) forms a compound in the base steel sheet and deteriorates the iron loss, it is preferable to
reduce an amount thereof. The C content is preferably limited to 0.005% or less. The upper limit of the C content is
preferably 0.004% or less, and more preferably 0.003% or less. Since it is more preferable to reduce the amount of C,
the lower limit includes 0%. However, when the amount of C is reduced to less than 0.0001%, the manufacturing cost
will increase significantly. Thus, 0.0001% is a practical lower limit in manufacturing.

N: 0.005% or less

[0112] Since nitrogen (N) forms a compound in the base steel sheet and deteriorates the iron loss, it is preferable to
reduce an amount thereof. The N content is preferably limited to 0.005% or less. The upper limit of the N content is
preferably 0.004% or less, and more preferably 0.003% or less. Since it is more preferable to reduce the amount of N,
the lower limit may be 0%.

Total amount of S and Se: 0.005% or less

[0113] Since sulfur (S) and selenium (Se) form a compound in the base steel sheet and deteriorate the iron loss, it is
preferable to reduce an amount thereof. The total of one or both of S and Se is preferably limited to 0.005% or less. The
total amount of S and Se is preferably 0.004% or less, and more preferably 0.003% or less. Since it is more preferable
to reduce the amounts of S or Se, the lower limit may be 0%.

Acid-soluble Al: 0.005% or less

[0114] Since acid-soluble Al (acid-soluble aluminum) forms a compound in the base steel sheet and deteriorates the
iron loss, it is preferable to reduce an amount thereof. The acid-soluble Al is preferably 0.005% or less. The acid-soluble
Al is preferably 0.004% or less, and more preferably 0.003% or less. Since it is more preferable to reduce the amount
of acid-soluble Al , the lower limit may be 0%.

[0115] The remainder in the component composition of the base steel sheet is composed of Fe and impurities. The
"impurities" refer to those mixed in from ore, scrap, manufacturing environment, and the like as raw materials when steel
is manufactured industrially.

[0116] Further, the base steel sheet of the grain-oriented electrical steel sheet according to the present embodiment
may contain at least one selected from, for example, Mn (manganese), Bi (bismus), B (boron), Ti (titanium), Nb (niobium),
V (vanadium), Sn (tin), Sb (antimony), Cr (chromium), Cu (copper), P (phosphorus), Ni (nickel), and Mo (molybdenum)
as a selective elementin place of part of Fe which is the remainder in an extentin which properties thereof are notimpaired.
[0117] An amount of the above-described selective element may be, for example, as follows. The lower limit of the
selected element is not particularly limited, and the lower limit may be 0%. Further, even when the selective element is
contained as impurities, the effect of the electrical steel sheet according to the present invention is not impaired.
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Mn: 0% or more and 1.00% or less,
Bi: 0% or more and 0.010% or less,
B: 0% or more and 0.008% or less,
Ti: 0% or more and 0.015% or less,
Nb: 0% or more and 0.20% or less,
V: 0% or more and 0.15% or less,
Sn: 0% or more and 0.30% or less,
Sb: 0% or more and 0.30% or less,
Cr: 0% or more and 0.30% or less,
Cu: 0% or more and 0.40% or less,
P: 0% or more and 0.50% or less,
Ni: 0% or more and 1.00% or less, and
Mo: 0% or more and 0.10% or less.

[0118] The above-described chemical composition of the base steel sheet may be measured by a general analysis
method. For example, a steel component may be measured using an inductively coupled plasma-atomic emission
spectrum (ICP-AES). C and S may be measured using a combustion-infrared absorption method, N may be measured
using aninert gas melting-thermal conductivity method, and O may be measured using an inert gas melting-non-dispersive
infrared absorption method.

[0119] The base steel sheet of the grain-oriented electrical steel sheet according to the present embodiment preferably
has a texture developed in an {110} <001> orientation. The {110} <001> orientation means a crystal orientation (a Goss
orientation) in which a {110} surface is aligned parallel to the surface of the steel sheet and an <100> axis is aligned in
the rolling direction. In the grain-oriented electrical steel sheet, the magnetic properties are preferably improved by
controlling the crystal orientation of the base steel sheet to the Goss orientation.

[0120] The texture of the base steel sheet may be measured by a general analysis method. For example, it may be
measured by an X-ray diffraction method (a Laue method). The Laue method is a method in which a steel sheet is
vertically irradiated with an X-ray beam and transmitted or reflected diffraction spots are analyzed. The crystal orientation
of a place to which the X-ray beam is radiated can be identified by analyzing the diffraction spots. When the diffraction
spots are analyzed at a plurality of locations by changing an irradiation position, the crystal orientation distribution at
each of the irradiation positions can be measured. The Laue method is a method suitable for measuring the crystal
orientation of a metal structure having coarse grains.

[Manufacturing method of grain-oriented electrical steel sheet]

[0121] Next, a method for manufacturing an electrical steel sheet according to the present invention will be described.
A method for manufacturing a grain-oriented electrical steel sheet according to the present embodiment is not limited
to the following method. The following manufacturing method is an example for manufacturing the grain-oriented electrical
steel sheet according to the present embodiment.

[0122] The grain-oriented electrical steel sheet according to the present embodiment may be manufactured by having
no the forsterite film, having an texture developed in the { 110 }<001 > orientation (that is, suppressing the formation of
the forsterite film during finish annealing, or removing the forsterite film after final annealing), and forming the intermediate
layer and the insulation coating on the base steel sheet using the base steel sheet with the groove as a starting material.
[0123] In order to produce the base steel sheet having the texture developed in the {110} <001> orientation without
the presence of the forsterite film, for example, the following processes are performed. The absence of the forsterite
film can be determined by observing the cross-sectional structure using the above-described SEM, TEM, or the like. For
example, in the observation of the cross-sectional structure using the above-described SEM or TEM, when the forsterite
film is not continuously present in the form of a film, or when the average thickness thereof is 0.1 um or less even if the
forsterite film is present in the form of a film, it can be determined that the forsterite film is not present. An average
thickness of the forsterite film can be obtained in the same manner as in the average thickness of the insulation coating
and the intermediate layer.

[0124] A silicon steel piece containing 0.8 to 7.0 mass% of Si, preferably a silicon steel piece containing 2.0 to 7.0
mass% of Si is hot-rolled, the steel sheet after hot-rolling is annealed as necessary, and then the annealed steel sheet
is cold-rolled once or twice or more with intermediate annealing interposed between them to finish the steel sheet with
a final thickness. Next, in addition to decarburization, primary recrystallization is promoted by subjecting the steel sheet
having the final thickness to decarburization annealing, and an oxide layer is formed on the surface of the steel sheet.
[0125] Next, an annealing separator containing magnesia as a main component is applied to the surface of the steel
sheet having the oxide layer and is dried, and after the drying, the steel sheet is coiled in a coil shape. Then, the coiled
steel sheet is subjected to final annealing (secondary recrystallization). A forsterite film mainly composed of a forsterite
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(Mg,SiO,) is formed on the surface of the steel sheet during final annealing. This forsterite film is removed by pickling,
grinding, or the like. After the removal, the surface of the steel sheet is preferably smoothed by chemical polishing or
electrolytic polishing.

[0126] On the other hand, as the above-described annealing separator, an annealing separator containing alumina
instead of magnesia as a main component can be used. The annealing separator containing alumina as a main component
is applied to the surface of the steel sheet having an oxide layer and is dried, and after the drying, the steel sheet is
coiled in a coil shape. Then, the coiled steel sheet is subjected to final annealing (the secondary recrystallization). When
the annealing separator containing alumina as a main component is used, even when final annealing is performed, the
formation of the film of the inorganic mineral substance such as a forsterite on the surface of the steel sheetis suppressed.
Atfter final-annealing, the surface of the steel sheet is preferably smoothed by chemical polishing or electrolytic polishing.
[0127] In order to form the intermediate layer on the base steel sheet which has no forsterite film and has the texture
developed in the {110} <001> orientation, for example, the following process is performed. The intermediate layer is
formed on, for example, the base steel sheet in which the groove is formed.

[0128] The base steel sheet from which the film of inorganic minerals such as a forsterite is removed, or the base
steel sheet in which the formation of the film of the inorganic mineral substance such as a forsterite is suppressed is
annealed in an atmosphere gas having a controlled dew point to form the intermediate layer mainly composed of a
silicon oxide on the surface of the base steel sheet. In some cases, the annealing may not be performed after the final
annealing, and the insulation coating may be formed on the surface of the base steel sheet after the final annealing.
[0129] The annealing atmosphere is preferably a reducing atmosphere so that the inside of the steel sheet is not
oxidized, and particularly preferably a nitrogen atmosphere mixed with hydrogen. For example, an atmosphere in which
hydrogen:nitrogen is 80 to 20%: 20 to 80% (100% in total) and the dew point is -20 to 2°C is preferable.

[0130] The thickness of the intermediate layer is controlled by appropriately adjusting an annealing temperature, a
holding time, and one or more dew points of the annealing atmosphere. The thickness of the intermediate layer is
preferably 2 to 400 nm on average from the viewpoint of ensuring the coating adhesion of the insulation coating. More
preferably, itis 5 to 300 nm.

[0131] In some cases, the annealing may not be performed after the final annealing, and the intermediate layer and
the insulation coating may be simultaneously formed during annealing after an insulation coating forming solution is
applied to the surface of the base steel sheet after the final annealing. In this case, the intermediate layer and the
insulation coating are simultaneously formed on the base steel sheet in which the grooves are formed.

[0132] In order to form a groove in the base steel sheet, for example, the following processes are performed. The
groove is formed by irradiating the steel sheet after cold rolling and before the intermediate layer is formed (for example,
after cold rolling and before decarburization annealing) with a laser beam. The method of forming the groove is not
limited to the radiation of the laser beam, and may be, for example, mechanical cutting, etching, or the like.

[0133] In order to form an insulation coating on the base steel sheet in which the forsterite film does not exist and the
groove is formed, for example, the following insulation coating forming process is performed.

[0134] An insulation coating forming solution containing at least one of a phosphate and colloidal silica as a main
component is applied to the base steel sheet, and the base steel sheet is soaked for 10 seconds or more and 120
seconds or less in a temperature range of 800°C or higher and 1000°C or lower in an atmosphere gas containing
hydrogen and nitrogen and having an oxidation degree of PH,O/PH, adjusted to 0.001 or more and 0.15 or less.
[0135] The base steel sheet soaked under these conditions is cooled to 500°C at a cooling rate of 5 °C/sec or more
and 30 °C/sec or less. The oxidation degree PH,O/PH, at the time of cooling may be adjusted to the same as the
oxidation degree PH,O/PH, at the time of soaking (that is, 0.001 or more and 0.15 or less), and may be lower than the
oxidation degree PH,0/PH, at the time of soaking.

[0136] Asthe phosphate, phosphates such as Mg, Ca, Al and Sr are preferable, and among them, aluminum phosphate
salt is more preferable. In particular, it is not limited to colloidal silica having specific properties. A particle size is also
not particularly limited to a specific particle size, but is preferably 200 nm (number average particle diameter) or less.
When the particle size exceeds 200 nm, it may settle in a coating liquid. In addition, the coating liquid may further contain
chromic anhydride or chromate.

[0137] The insulation coating forming solution is not particularly limited, but can be applied to the surface of the base
steel sheet by, for example, a wet coating method such as a roll coater.

[0138] The base steel sheet to which the insulation coating forming solution is applied is heat-treated at a temperature
of 800 to 1000°C to bake the insulation coating onto the steel sheet, and tension is applied to the steel sheet due to a
difference in thermal expansion coefficient.

[0139] When a heat treatment temperature of the insulation coating is less than 800°C, sufficient film tension cannot
be obtained. Further, when the heat treatment temperature of the insulation coating exceeds 1000°C, the phosphate is
decomposed, the coating formation is poor, and sufficient film tension cannot be obtained. A heat treatment time is
preferably 10 seconds or more and 120 seconds or less. When the heat treatment time is less than 10 seconds, the
tension may decrease. When the heat treatment time exceeds 120 seconds, productivity will decrease.
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[0140] The oxidation degree of the atmosphere at the time of soaking is set to a value in a range of 0.001 to 0.15.
When the oxidation degree of the atmosphere is less than 0.001, the intermediate layer may become thin. On the other
hand, when it is more than 0.15, the intermediate layer and the internally oxidized layer may become thick. Further, the
soaked base steel sheet is cooled to 500°C at a cooling rate of 5 °C/sec or more and 30 °C/sec or less.

[0141] When the cooling rate is less than 5 °C/sec, the productivity will decrease. Further, when the cooling rate is
more than 30 °C/sec, many voids are generated in the insulation coating.

[0142] Further, setting the oxidation degree of the atmosphere at the time of cooling to be lower than the oxidation
degree of the atmosphere at the time of soaking is effective in suppressing thickening of the intermediate layer and the
internally oxidized layer and the generation of the voids in the insulation coating, which is preferable.

[0143] When the insulation coating is formed under such conditions, good adhesion of the insulation coating can be
ensured, and a good iron loss reduction effect can be obtained.

[0144] Inthe above-described example, the grooveis formed in the steel sheet after cold rolling and before the formation
of the intermediate layer, but the groove may be formed at any stage after cold rolling and before the formation of the
insulation coating.

[0145] In the above, although the example in which the insulation coating is formed after the formation of the groove
has been described, the groove may be formed in the base steel sheet on which the intermediate layer and the insulation
coating are formed, and the intermediate layer and the insulation coating may be further formed for the purpose of
covering the base steel sheet exposed by the formation of the groove. In this case, the insulation coating forming process
of each of stages may be carried out by the above-described process, or the final insulation coating forming process
may be carried out by the above-described process. That is, at least the final insulation coating forming process may
be carried out by the above-described step, and the lower insulation coating forming process may be carried out by a
conventional process.

[0146] The line segment ratio of the internally oxidized part, the depth of the groove (that is, the depth in the sheet
thickness direction of the base steel sheet from the surface of the base steel sheet other than the groove part to the
bottom portion of the groove part), the average thickness of the insulation coating (and the depth in the sheet thickness
direction of the base steel sheet from the surface of the insulation coating of the groove part to the bottom portion of the
groove part), and the shape of the groove (for example, continuity of the groove, or the like) can be adjusted by adjusting
the above-described manufacturing conditions as appropriate. Since each of the manufacturing conditions affects each
other in a complicated manner, it cannot be said in a word, but for example, the line segment ratio of the internally
oxidized part can be adjusted by the oxidation degree of the atmosphere gas (a ratio of water vapor partial pressure to
hydrogen partial pressure) during the insulation coating forming process. As the oxidation degree becomes higher, the
line segment ratio tends to increase. Further, in the case of laser beam radiation, the depth of the groove can be adjusted
by power of the laser beam, the radiation time, and the like. In the case of mechanical cutting, the depth of the groove
can be adjusted by adjusting a shape of a cutting tooth, a pressing force of the cutting tooth, and the like. In the case of
etching, the depth of the groove can be adjusted by adjusting a concentration of an etching solution, an etching temper-
ature, an etching time, and the like. The average thickness of the insulation coating can be adjusted by adjusting a solid
content ratio of the insulation coating forming solution, a coating amount, and the like. In the case of laser beam radiation,
the shape of the groove can be adjusted by a radiation interval of the laser beam and the like. In the case of mechanical
cutting, the shape of the groove can be adjusted by the shape of the cutting teeth and the like. In the case of etching,
the shape of the groove can be adjusted by a resist shape.

[0147] Each of the layers of the grain-oriented electrical steel sheet according to the present embodiment is observed
and measured as follows.

[0148] A test piece is cut out from the grain-oriented electrical steel sheet, and a coating structure of the test piece is
observed with a scanning electron microscope or a transmission electron microscope.

[0149] Specifically, first, the test piece is cut out so that a cutting direction is parallel to the sheet thickness direction
(in detail, the test piece is cut out so that a cut surface is parallel to the sheet thickness direction and perpendicular to
the rolling direction), and a cross-sectional structure of the cut surface is observed by the SEM at a magnification at
which each of the layers is included in the observation field of view. It is possible to infer how many layers the cross-
sectional structure includes by observing with a backscattered electron composition image (the COMPO image).
[0150] In order to identify each of the layers in the cross-sectional structure, a line analysis in the sheet thickness
direction is performed, and a quantitative analysis of the chemical composition of each of the layers is performed using
an energy dispersive X-ray spectroscopy (SEM-EDS).

[0151] The elements to be quantitatively analyzed are five elements, Fe, Cr, P, Si, and O. The "atomic%" described
below is not an absolute value of atomic%, but a relative value calculated based on the X-ray intensity corresponding
to the five elements. In the following, specific numerical values when the relative values are calculated using the above-
described device or the like are shown.

[0152] First, the base steel sheet, the intermediate layer, and the insulation coating are identified as follows based on
the observation results of the COMPO image and the quantitative analysis results of the SEM-EDS. That is, when it is
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assumed that there is a region in which the Fe content is 80 atomic% or more and an O content is less than 30 atomic%
excluding the measurement noise, and a line segment (a thickness) on the scanning line of the line analysis corresponding
to this region is 300 nm or more, this region is determined as the base steel sheet, and the regions excluding the base
steel sheet are determined as the intermediate layer and the insulation coating.

[0153] As a result of observing the region excluding the base steel sheet identified above, when there is a region in
which a P content is 5 atomic% or more and the O content is 30 atomic% or more excluding the measurement noise,
and also the line segment (the thickness) on the scanning line of the line analysis corresponding to this region is 300
nm or more, this region is determined as the insulation coating.

[0154] When the region that is the above-described insulation coating is identified, precipitates or inclusions contained
in the film are not included in targets for determination, and the region which satisfies the above quantitative analysis
result as the matrix phase is determined to be the insulation coating. For example, when it is confirmed from the COMPO
image or the line analysis result that precipitates or inclusions are present on the scanning line of the line analysis,
determination is made based on the quantitative analysis results as the matrix phase without this region being included
in the targets. The precipitates or inclusions can be distinguished from the matrix phase by a contrast in the COMPO
image, and can be distinguished from the matrix phase by an amount of constituent elements present in the quantitative
analysis results.

[0155] When there is the region excluding the base steel sheet and the insulation coating identified above, and the
line segment (the thickness) on the scanning line of the line analysis corresponding to this region is 300 nm or more,
this region is determined as the intermediate layer. The intermediate layer may satisfy an average Si content of 20
atomic% or more and an average O content of 30 atomic% or more as an overall average (for example, the arithmetic
mean of the atomic% of each of the elements measured at each of measurement points on the scanning line). The
quantitative analysis results of the intermediate layer are quantitative analysis results as the matrix phase, which do not
include analysis results of the precipitates or inclusions contained in the intermediate layer.

[0156] The identification of each of the layers and the measurement of the thickness by the above-described COMPO
image observation and SEM-EDS quantitative analysis are performed at five or more locations with different observation
fields of view. An arithmetic mean value is obtained from values excluding a maximum value and a minimum value
among the thicknesses of the layers obtained at five or more locations in total, and this average value is used as the
thickness of each of the layers. However, preferably, the thickness of the oxide film which is the intermediate layer is
measured at a location at which it can be determined that it is an external oxidation region and not an internal oxidation
region while a morphology is observed, and an average value thereof is obtained.

[0157] In the groove part, the average thickness of the intermediate layer and the average thickness of the insulation
coating can be calculated by the same method.

[0158] When there is a layer in which the line segment (the thickness) on the scanning line of the line analysis is less
than 300 nm in at least one of the above-described five or more observation fields of view, a corresponding layer is
observed in detail with the TEM, and the identification of the corresponding layer and the measurement of the thickness
are performed by the TEM.

[0159] More specifically, a test piece including a layer to be observed in detail using the TEM is cut out by focused
ion beam (FIB) processing so that a cutting direction is parallel to the sheet thickness direction (specifically, the test
piece is cut out so that a cut surface is parallel to the sheet thickness direction and perpendicular to the rolling direction),
and the cross-sectional structure of this cut surface (a bright field image) is observed by scanning-TEM (STEM) at a
magnification at which the corresponding layer is included in the observation field of view. When each of the layers is
not included in the observation field of view, the cross-sectional structure is observed in a plurality of continuous fields
of view.

[0160] In order to identify each of the layers in the cross-sectional structure, the line analysis is performed in the sheet
thickness direction using the TEM-EDS, and the quantitative analysis of the chemical composition of each of the layers
is performed. The elements to be quantitatively analyzed are five elements, Fe, Cr, P, Si, and O.

[0161] Each of the layers is identified and the thickness of each of the layers is measured based on the bright field
image observation results by the TEM and the quantitative analysis results of the TEM-EDS described above. The
method for identifying each of the layers and the method for measuring the thickness of each of the layers using the
TEM may be performed according to the above-described method using the SEM.

[0162] Specifically, the region in which the Fe contentis 80 atomic% or more and the O content is less than 30 atomic%
excluding the measurement noise is determined as the base steel sheet, and the regions excluding the base steel sheet
are determined as the intermediate layer and the insulation coating.

[0163] In the region excluding the base steel sheet identified above, the region in which the P content is 5 atomic%
or more and the O content is 30 atomic% or more excluding the measurement noise is determined as the insulation
coating. When the above-described region which is the insulation coating is determined, the precipitates or inclusions
contained in the insulation coating are not included in targets for determination, and the region which satisfies the above
quantitative analysis result as the matrix phase is determined as the insulation coating.
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[0164] The region excluding the base steel sheet and the insulation coating identified above is determined as the
intermediate layer. The intermediate layer may satisfy an average Si content of 20 atomic% or more and an average O
content of 30 atomic% or more as an average of the entire intermediate layer. The above-described quantitative analysis
results of the intermediate layer do not include the analysis results of the precipitates or inclusions contained in the
intermediate layer and are the quantitative analysis results as the matrix phase.

[0165] For the intermediate layer and the insulation coating identified above, the line segment (the thickness) is
measured on the scanning line of the above-described line analysis. When the thickness of each of the layers is 5 nm
or less, it is preferable to use a TEM having a spherical aberration correction function from the viewpoint of spatial
resolution. Further, when the thickness of each of the layers is 5 nm or less, a point analysis may be performed in the
sheet thickness direction at intervals of, for example, 2 nm, the line segment (the thickness) of each of the layers may
be measured, and this line segment may be adopted as the thickness of each of the layers. For example, when the TEM
having the spherical aberration correction function is used, an EDS analysis can be performed with a spatial resolution
of about 0.2 nm.

[0166] The observation and measurement with the TEM was carried out at five or more locations with different obser-
vation fields of view, and an arithmetic mean value is calculated from values obtained by excluding the maximum and
minimum values from the measurement results obtained at five or more locations in total, and the average value is
adopted as the average thickness of the corresponding layer. Also, in the groove part, the average thickness of the
intermediate layer and the average thickness of the insulation coating can be calculated by the same method.

[0167] Inthe grain-oriented electrical steel sheetaccording to the above-described embodiment, since the intermediate
layer is present to be in contact with the base steel sheet and the insulation coating is present to be in contact with the
intermediate layer, when each of the layers is identified by the above-described determination standards, there is no
layer other than the base steel sheet, the intermediate layer, and the insulation coating.

[0168] Further, the above-described contents of Fe, P, Si, O, Cr, and the like contained in the base steel sheet, the
intermediate layer, and the insulation coating are the determination standards for identifying the base steel sheet, the
intermediate layer, and the insulation coating and obtaining the thickness thereof.

[0169] When the coating adhesion of the insulation coating of the grain-oriented electrical steel sheet according to the
above-described embodiment is measured, it can be evaluated by performing a bending adhesion test. Specifically, a
flat sheet-shaped test piece of 80 mmx80 mm is wound around a round bar having a diameter of 20 mm and is then
stretched flat. Then, an area of the insulation coating which is not peeled off from the electrical steel sheet is measured,
and a value obtained by dividing the area which is not peeled off by an area of the steel sheet is defined as a coating
residual area ratio (%) to evaluate the coating adhesion of the insulation coating. For example, it may be calculated by
placing a transparent film with a 1 mm grid scale on the test piece and measuring the area of the insulation coating
which is not peeled off.

[0170] Theironloss(W7,50) of the grain-oriented electrical steel sheetis measured under conditions of an AC frequency
of 50 hertz and an induced magnetic flux density of 1.7 tesla.

[Examples]

[0171] Next, although the effect of one aspect of the present invention will be described in more detail by examples,
the conditions in the examples are one condition example adopted for confirming feasibility and effect of the present
invention, and the present invention is not limited to this one condition example.

[0172] In the present invention, various conditions can be adopted as long as the gist of the present invention is not
deviated and the object of the present invention is achieved.

[0173] The material steel pieces having the component composition shown in Table 1 were soaked at 1150°C for 60
minutes and then subjected to hot rolling to obtain a hot-rolled steel sheet having a thickness of 2.3 mm. Next, the hot-
rolled steel sheet was subjected to hot-band annealing in which itis held at 1120°C for 200 seconds, immediately cooled,
held at 900°C for 120 seconds, and then rapidly cooled. The hot-band annealed steel sheet was pickled and then
subjected to cold rolling to obtain a cold-rolled steel sheet having a final sheet thickness of 0.23 mm. The groove was
formed in the surface of this cold-rolled steel sheet by irradiation with a laser beam.

[Table 1]
Component composition (mass%)
Material Steel piece
Si C Al Mn S N
A 3.25 | 0.052 | 0.029 | 0.110 | 0.007 | 0.008

[0174] This cold-rolled steel sheet (hereinafter, referred to as a "steel sheet") after the formation of the groove was
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subjected to decarburization annealing in which it is held in an atmosphere of hydrogen:nitrogen of 75%:25% at 850°C
for 180 seconds. The steel sheet after the decarburization annealing was subjected to nitriding annealing in which it is
held in a mixed atmosphere of hydrogen, nitrogen and ammonia at 750°C for 30 seconds to adjust a nitrogen content
of the steel sheet to 230 ppm.

[0175] An annealing separator containing alumina as a main component is applied to the steel sheet after the nitriding
annealing, and then the steel sheet is heated to 1200°C at a heating rate of 15 °C/hour in a mixed atmosphere of
hydrogen and nitrogen for final annealing. Then, the steel sheet was subjected to purification annealing in which it is
held at 1200°C for 20 hours in a hydrogen atmosphere. Then, the steel sheet was naturally cooled to prepare a base
steel sheet having a smooth surface.

[0176] The prepared base steel sheetwas annealed under conditions of 25% N,+75% H2, dew point: -2°C atmosphere,
950°C, and 240 seconds, and an intermediate layer having an average thickness of 9 nm was formed on the surface of
the base steel sheet.

[0177] Next, the insulation coating was formed on the base steel sheet in which the groove was formed by irradiation
with the laser beam under the conditions shown in Table 2. Table 2 shows the baking and cooling conditions of the
insulation coating. A holding time was 10 to 120 seconds.

[Table 2]
Insulation coating forming process
Heating/soaking Heating/cooling
Temperature Oxidation Time Oxidation Cooling speed
(°C) degree (sec) degree (°Clsec)
Example 1 850 0.0012 120 0.0012 20
Example 2 850 0.0120 120 0.0120 20
Example 3 850 0.0300 120 0.0300 20
Example 4 850 0.1000 120 0.1000 20
Example 5 850 0.1500 120 0.1500 20
Example 6 900 0.0120 60 0.0120 4
Example 7 900 0.0120 60 0.0120 10
Example 8 900 0.0120 60 0.0120 15
Example 9 900 0.0120 60 0.0120 30
Example 10 850 0.0300 30 0.0300 20
Example 11 850 0.0300 30 0.0300 20
Example 12 850 0.0300 30 0.0300 20
Example 13 850 0.0300 15 0.0300 20
Example 14 850 0.0300 15 0.0120 20
Example 15 850 0.0300 10 0.0012 20
Example 16 850 0.1500 120 0.1500 20
Comparati;’e example 850 0.0002 60 0.0002 20
Comparati;e example 850 0.2500 60 0.2500 20
Comparati;e example 900 0.0120 60 0.0120 50

[0178] Based on the above-described observation and measurement method, a test piece was cut out from a grain-
oriented electrical steel sheet on which an insulation coating is formed, the coating structure of the test piece was
observed with a scanning electron microscope (SEM) or a transmission electron microscope (TEM), and the state of
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the voids in the insulation coating, the depth of the groove part, the thickness of the intermediate layer, and the thickness
of the insulation coating were measured. The specific method is as described above. The results thereof are shown in
Table 3. When the presence or absence of the forsterite film was confirmed by the above-described observation method,
the forsterite film was not present in any of the examples and comparative examples. In Table 3, "presence rate of
internally oxidized part" indicates the "line segment ratio of the internally oxidized part", "depth of groove part" indicates
the "depth in the thickness direction of the base steel plate from the surface of the base steel plate other than the groove
part to the bottom portion of the groove part", "thickness of insulation coating of groove part" indicates the "depth in the
sheet thickness direction of the base steel sheet from the surface of the insulation coating of the groove part to the
bottom of the groove part", and "thickness of insulation coating other than groove part" indicates the "average thickness
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of the insulation coating other than the groove part".

[Table 3]
Area Ratio of average thickness Presence Thickness of Thickness of
. . . . Depthof . . . .
ratio of intermediate layer of ratio of roove insulation insulation
of groove part to average internally 9 coating of coating other
. . . ; - part
voids thickness of intermediate oxidized (um) groove part than groove
(%) layer other than groove part part (%) K (pm) part (m)
Example 1 6 0.9 3 22 26.1 3.1
Example 2 7 1.1 5 22 259 29
Example 3 6 1.2 6 22 25.8 2.8
Example 4 9 1.2 8 22 26.0 3.0
Example 5 8 1.3 16 22 25.8 2.8
Example 6 2 1.2 6 26 29.3 23
Example 7 4 1.1 5 26 294 24
Example 8 7 1.3 7 26 294 24
Example 9 15 1.2 5 26 295 25
Example 10 4 1.0 5 12 16.2 3.2
Example 11 5 1.1 6 17 211 3.1
Example 12 9 1.1 10 32 36.1 3.1
Example 13 11 1.3 13 38 422 3.2
Example 14 8 1.1 7 38 422 3.2
Example 15 7 1.1 5 38 422 3.2
Example 16 12 27 18 38 42.1 3.1
Comparative | g 0.4 3 22 25.8 2.8
example 1 —_—
Comparative | 3.1 28 22 26.1 3.1
example 2 —
Comparative | 1.3 9 26 29.6 2.6
example 3 —
[0179] Next, a test piece of 80 mmXx80 mm was cut out from the grain-oriented electrical steel sheet on which the

insulation coating was formed, wound around a round bar having a diameter of 20 mm, and then stretched flat. Then,
the area of the insulation coating which is not peeled off from the electrical steel sheet was measured, and the coating
residual area ratio (%) was calculated.

[0180] Further, the results thereof are shown in Table 4.

[0181] The adhesion of the insulation coating was evaluated on a three stages. "A (Excellent)" means that the coating
residual area ratio is 95% or more. "B (Good)" means that the coating residual area ratio is 90% or more. "C (Poor)"
means that the coating residual area ratio is less than 90%.
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[Table 4]
Adhesion | Iron loss W;7/Wgq(W/kg)
Example 1 A 0.68
Example 2 A 0.67
Example 3 A 0.67
Example 4 A 0.68
Example 5 B 0.68
Example 6 A 0.65
Example 7 A 0.65
Example 8 A 0.67
Example 9 A 0.68
Example 10 A 0.71
Example 11 A 0.69
Example 12 A 0.69
Example 13 B 0.68
Example 14 A 0.67
Example 15 A 0.67
Example 16 B 0.70
Comparative example 1 C 0.84
Comparative example 2 C 0.88
Comparative example 3 C 0.93

[0182] In addition, the iron loss of the grain-oriented electrical steel sheet of each of the experimental examples was
measured. The results are shown in Table 4.

[0183] Ascanbe seenfrom Table 4, in the grain-oriented electrical steel sheet produced by the manufacturing method
of the present invention, the iron loss was reduced. In Example 6, since the cooling rate was less than 5 °C/sec, the
productivity was lowered, but excellent results were obtained in terms of iron loss and coating adhesion. That is, even
when the cooling rate is less than 5 °C/sec, the productivity is only lowered, and a grain-oriented electrical steel sheet
having the excellent iron loss and coating adhesion can be obtained.

[Industrial Applicability]

[0184] According to the present invention, it is possible to provide a grain-oriented electrical steel sheet capable of
ensuring good adhesion of an insulation coating and obtaining a good iron loss reduction effect in grain-oriented electrical
steel sheets which do not have a forsterite film and have grooves formed on the base steel sheet, and a method for
manufacturing such a grain-oriented electrical steel sheet. Therefore, it has high industrial applicability.

[Brief Description of the Reference Symbols]
[0185]

Base steel sheet

Forsterite film

Insulation coating

Intermediate layer

Internally oxidized part

Interface between insulation coating and intermediate layer

OO WN -
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Claims

1. A grain-oriented electrical steel sheet having a base steel sheet, an intermediate layer disposed to be in contact
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with the base steel sheet, and an insulation coating disposed to be in contact with the intermediate layer, the grain-
oriented electrical steel sheet comprising:

a surface of the base steel sheet has a groove which extends in a direction intersecting a rolling direction of the
base steel sheet, wherein

in a cross-sectional view of a plane parallel to the rolling direction and a sheet thickness direction of the base
steel sheet, when a region between end portions of the groove is defined as a groove part,

an average thickness of the intermediate layer of the groove part is 0.5 times or more and 3.0 times or less an
average thickness of the intermediate layer other than the groove part, and

an area ratio of voids in the insulation coating of the groove part is 15% or less.

The grain-oriented electrical steel sheet according to claim 1, wherein,

in the cross-sectional view, when an internally oxidized part having a maximum depth of 0.2 wm or more present in
the base steel sheet of the groove part is represented by a line segment ratio at an interface between the base steel
sheet and the intermediate layer, the internally oxidized part is present at 15% or less.

The grain-oriented electrical steel sheet according to claim 1 or 2, wherein, in the cross-sectional view, a depth of
the base steel sheet from the surface of the base steel sheet other than the groove part to a bottom portion of the
groove part in the sheet thickness direction of the base steel sheet is 15 um or more and 40 pum or less.

The grain-oriented electrical steel sheet according to any one of claims 1 to 3, wherein, in the cross-sectional view,

an average thickness of the insulation coating other than the groove partis 0.1 um ormore and 10 wm orless, and
the depth of the base steel sheet from a surface of the insulation coating of the groove part to the bottom portion
of the groove part in the sheet thickness direction of the base steel sheet is 15.1 wm or more and 50 pm or less.

The grain-oriented electrical steel sheet according to any one of claims 1 to 4, wherein the groove is provided
continuously or discontinuously when seen in a direction perpendicular to a sheet surface of the base steel sheet.

A method for manufacturing the grain-oriented electrical steel sheet according to any one of claims 1 to 5, the method
comprising:

forming a groove in the base steel sheet which does not have a forsterite film and has a texture developed in
a {110}<001> orientation at any stage after cold rolling and before the insulation coating is formed on the base
steel sheet; and

forming the intermediate layer and the insulation coating on the base steel sheet after the groove is formed,
wherein, in the forming of the insulation coating,

an insulation coating forming solution is applied to the base steel sheet, and the base steel sheet is soaked in
a temperature range of 800°C or higher and 1000°C or lower for 10 seconds or more and 120 seconds or less
in an atmosphere gas containing hydrogen and nitrogen and having an oxidation degree of PH,O/PH, adjusted
to 0.001 or more and 0.15 or less, and

the soaked base steel sheet is cooled to 500°C at a cooling rate of 5 °C/sec or more and 30 °C/sec or less.

7. A method for manufacturing the grain-oriented electrical steel sheet according to any one of claims 1 to 5, the method

comprising:

forming the intermediate layer and the insulation coating on the base steel sheet which does not have a forsterite
film and has a texture developed in a {110}<001> orientation;

forming agrooveinthe base steel sheeton which the intermediate layer and the insulation coating are formed; and
further forming the intermediate layer and the insulation coating on the base steel sheet in which the groove is
formed,

wherein, in at least the final forming of the insulation coating,

an insulation coating forming solution is applied to the base steel sheet, and the base steel sheet is soaked in
a temperature range of 800°C or higher and 1000°C or lower for 10 seconds or more and 120 seconds or less
in an atmosphere gas containing hydrogen and nitrogen and having an oxidation degree of PH,O/PH, adjusted
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to 0.001 or more and 0.15 or less, and
the soaked base steel sheet is cooled to 500°C at a cooling rate of 5 °C/sec or more and 30 °C/sec or less.
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FIG. 1
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FIG. 2
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FIG. 3

FIG. 4
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